Spinal muscular atrophy (SMA) is the leading genetic cause of infant mortality, characterized by progressive degeneration of spinal-cord motor neurons, leading to atrophy of skeletal muscles. However, accumulating evidence indicates that it is a multi-system disorder, particularly in its severe forms. Several studies delineated structural and functional cardiac abnormalities in SMA patients and mouse models, yet the abnormalities have been primarily attributed to autonomic dysfunction. Here, we show in a severe mouse model that its cardiomyocytes undergo G0/G1 cell-cycle arrest and enhanced apoptosis during postnatal development. Microarray and real-time RT-PCR analyses revealed that a set of genes associated with cell cycle and apoptosis were dysregulated in newborn pups. Of particular interest, the Birc5 gene, which encodes Survivin, an essential protein for heart development, was down-regulated even on pre-symptomatic postnatal day 0. Interestingly, cultured cardiomyocytes depleted of SMN recapitulated the gene expression changes including downregulation of Survivin and abnormal cell-cycle progression; and overexpression of Survivin rescued the cell-cycle defect. Finally, increasing SMN in SMA mice with a therapeutic antisense oligonucleotide improved heart pathology and recovered expression of deregulated genes. Collectively, our data demonstrate that the cardiac malfunction of the severe SMA mouse model is mainly a cell-autonomous defect, caused by widespread gene deregulation in heart tissue, particularly of Birc5, resulting in developmental abnormalities through cell-cycle arrest and apoptosis.
Introduction
Spinal muscular atrophy (SMA) is the leading genetic cause of infantile death, characterized by progressive atrophy and weakness of proximal voluntary muscles, due to loss of a-motor neurons in the spinal cord (1) . SMA is caused by homozygous loss or mutation of survival of motor neuron 1 (SMN1) (2) ; this gene encodes an essential multifunctional protein, SMN, whose best-characterized function is assisting the assembly of spliceosomal U snRNPs and other RNPs including the histone RNA processing U7 snRNPs and axonal mRNPs (3) (4) (5) (6) . In humans, there is a paralogous backup gene, called SMN2, which arose from an intrachromosomal duplication of Chr. 5q13 during evolution (7) . SMN2 and SMN1 have a small number of nucleotide differences, the most important of which are a singlenucleotide transition, C6T in exon 7, and to a lesser extent A-44G in intron 6, resulting in predominant skipping of SMN2 exon 7 during pre-mRNA splicing (8, 9) . The exon-7-skipped protein isoform, SMND7, is dysfunctional and rapidly degraded. As a result, SMN2 generates considerably less functional SMN protein, which is not sufficient to compensate for the lack of SMN1, though it is essential for the survival of SMA patients. SMA is clinically classified into five types, ranging from severe type 0 to mild type IV in terms of age of onset and maximum motor function achieved (9) .
Although SMA has been traditionally considered as a neuromuscular disease, increasing evidence indicates that it is a multi-system disorder; various peripheral tissues and cell types have been reported to be affected in mouse models and to a lesser extent in SMA patients, especially in severe SMA forms (10, 11) . Indeed, we recently showed that restoring normal SMN levels exclusively in peripheral tissues results in long-term phenotypic rescue in both mild and severe mouse models (12) .
Structural and functional cardiac abnormalities have been documented in severe SMA patients. For example, some type 0 or type I patients displayed severe bradycardias, atrial arrhythmia, remarkable fluctuation of blood pressure and heart rate, dilated right ventricle, atrial septal defects, and/or ventricular septal defects (13) (14) (15) (16) . A developmental defect called hypoplastic left heart syndrome was also observed in several type I patients (16) (17) (18) . Rudnik-Schoneborn et al. revealed that 3/4 SMA patients carrying only one copy of SMN2 suffered congenital cardiac defects, whereas only a small percentage of patients carrying two copies of SMN2 had mild cardiac abnormalities, with the rest being unaffected (16) . Similar cardiac defects have also been observed in severe mouse models (19) (20) (21) (22) . Interestingly, based on studies in mouse models, cardiac structural defects precede motor-neuron loss and can exist independently of motor-unit pathology and muscle paralysis, suggesting an important role of heart anomalies in premature death of these mice (21, 23) . Cardiovascular defects in patients and mouse models have been primarily attributed to autonomic dysfunction (17, 19, (23) (24) (25) . One study suggested that oxidative stress contributes to interstitial fibrosis observed in in the heart of a SMA mouse model (21) . However, to date, no thorough study of the heart at the cellular and molecular levels has been reported in the context of SMA.
In this study, we explored the mechanisms of cardiac dysfunction and developmental defects in a severe SMA mouse model. Using tissue staining and flow cytometry analyses, we uncovered a marked proliferation defect of cardiomyocytes and activation of apoptosis. A set of genes involved in the cell cycle and apoptosis were dysregulated in newborn pups. Particularly, the Birc5 gene, which encodes Survivin (also called Birc5), which is essential for heart development, was downregulated as early as postnatal day 0 (P0). Using primary cardiomyocytes we revealed that the widespread dysregulation of gene expression is a cell autonomous effect of SMN deficiency. Furthermore, we showed that over-expression of Survivin in SMN-depleted primary cardiomyocytes promoted cell-cycle progression. Finally, we observed a recovery of heart pathology and expression of deregulated genes, including Birc5, after treatment of these mice with ASO10-29, a therapeutic antisense oligonucleotide that corrects SMN2 splicing. Our data demonstrate that the cardiac malfunction of SMA mice is caused by widespread gene deregulation in the heart tissue, particularly of Birc5, resulting in developmental defects through cell-cycle arrest and enhanced apoptosis.
Results
Heart weight and cell number of severe SMA mice are dramatically reduced Cardiac defects are common features present in SMA mouse models. To investigate the underlying molecular mechanisms, we utilized the Taiwan model (Smn
) which displays severe SMA phenotype including loss of motor neurons in the spinal cord and a mean lifespan of 10 days (26) (27) (28) . Cardiac pathology of this model has not been thoroughly examined, except for a study that revealed interventricular septum thinning (22) . We first compared heart weights at five time points: P0, P2, P4, P6 and P8. As shown in Figure 1A , the hearts of SMA mice were markedly smaller than those of their heterozygous littermates starting from P2, a time when SMA mice are still rescuable and generally considered to be healthy based on their weigh progression and motor performance (27, 28) . On P4, an early symptomatic stage in disease development, the heart weight was only about half of that of the heterozygotes (9.2 mg versus 20.1 mg, see Fig. 1B ). The ratio of heart weight to total body weight is an important parameter in assessing heart conditions, especially because SMA mice are smaller than their heterozygote littermates. We found that the ratio is much lower in SMA mice than their heterozygous littermates, starting from P2 (Fig. 1C) . These results indicate that SMN deficiency affects the postnatal growth and development of the heart in this mouse model.
In an attempt to identify what defects at the cellular level might be present in the heart tissue, we performed hematoxylin and eosin (H&E) staining at four time points: P0, P2, P4 and P6. A dramatic reduction ($25%) of cardiomyocyte numbers was evident starting from P2, and the decrease continued over time ( Fig. 1D and E) . At the severe symptomatic stage (P6), the cell number decreased by $36%. These data indicate that cardiomyocyte proliferation in SMA mice is markedly impaired. We indeed observed enlarged and irregular-shaped nuclei in multiple P4 SMA cardiomyocytes (Fig. 1D) .
G0/G1 cell-cycle arrest occurs in cardiomyocytes of SMA mice
To determine if cardiomyocyte proliferation is truly affected during postnatal development of SMA mice, we examined the expression of two cellular protein markers of cell division, at four time points (P0, P2, P4 and P6), using immunofluorescence staining. One marker is Ki67, which is expressed in all active phases of the cell cycle (G1, S, G2 and M phases) but not in resting cells (G0). The other marker is phosphorylated histone H3 (pH3), which is expressed only in mitotic cells. Compared with heterozygous mice, the number of Ki67-positive cardiomyocytes per high-power field (HPF) in SMA mice decreased by $50, 72 and 67% on P2, P4 and P6, respectively ( Fig. 2A and B) , and the percentage of Ki67-positive cardiomyocytes decreased by $36, 69 and 47% on P2, P4 and P6, respectively (Fig. 2C) . The number of pH3-positive cardiomyocytes per HPF was also markedly decreased from P2 to P6 (about 2-fold lower at all time points, Fig. 2D and E). The percentage of pH3 positive nuclei on P2, P4 or P6, was 34, 50 and 32%, respectively lower than that of heterozygous mice (P < 0.01 for all three time points, Fig. 2F ). These data suggest that SMN deficiency results in decreased proliferation of cardiomyocytes in neonatal mice. We did not observe a reduction of Ki67-positive cells on P0 in SMA mice, which is consistent with our observation above that the number of cardiomyocytes were not reduced on P0. It is of interest to note that the number of pH3-positive cells derived from SMA mice on P0 increased $58% (P < 0.05).
To investigate the decreased number of cycling cells in heart tissue of SMN-depleted mice, we isolated cardiomyocytes from neonatal mice aged P0, P2, P4 and P6, and analysed their cellcycle profile using flow cytometry. As shown in Figure 3 , SMA mice had more cardiomyocytes in G0/G1 phases than heterozygotes, starting from P2, with an increase of 14, 10, and 11% on P2, P4 and P6, respectively (P < 0.05), and concomitantly fewer cells in S and G2/M phases. In particular, cells in S phase were reduced by 60-80%. As for P0 mice, no differences in cell number in G0/G1 phases were observed between SMA and heterozygous mice, but the cell number in S phase was significantly higher (Fig. 3A) , which is consistent with the pH3 immunofluorescence analysis on P0. Although modest in terms of cell number changes in S/G2/M phases, which is expected for an early postnatal tissue in transition from hyperplasia to hypertrophy, these results confirm that SMN deficiency impairs cardiomyocyte proliferation through G0/G1 cell-cycle arrest.
Cardiomyocytes undergo apoptosis in severe SMA mice
The reduction in cardiomyocyte number could be partially caused by apoptosis. To address if apoptosis is involved, we examined the heart tissue by TUNEL assay. Apoptotic cells in cardiomyocytes were extremely infrequent in mice with either genotype between P0 and P2; no differences between SMA and normal mice were observed ( Fig. 4A and B) . However, SMA mice had a significant increase in apoptosis incidence ($3 fold) on P4 and P6. Apoptosis involves characteristic morphological changes of the cell. Therefore, we further examined the ultrastructure of cardiomyocytes sampled from P4 SMA mice using transmission electron microscopy (TEM). As shown in Figure 4C , mitochondria of cardiomyocytes obtained from SMA mice were obviously swollen; some displayed prominent cristae fragmentation and vacuolar degeneration, indicating degenerative changes (Fig. 4C , red arrow), similar to the morphological changes of cardiomyocytes observed in the severe SMND7 mouse model, which has a slightly mild phenotype than the severe Taiwan model (19, 29) .
The TUNEL staining and TEM ultrastructural analyses demonstrate that enhanced apoptosis is present in the tissue and contributes to the heart defects, though it occurs at a relatively late time point, compared with cell-cycle arrest.
Cell cycle and apoptosis-related genes are dysregulated in SMA mice
To understand the molecular basis of cardiomyocyte defects in the severe SMA mouse model, we performed gene-expression analysis using microarrays on the heart tissue, and identified 205 genes that were down-regulated and 269 genes that were up-regulated on P5 in the heart (Supplementary Material, Table S1 ). Gene ontology cluster analysis of the down-regulated transcripts revealed significant enrichment for genes involved in regulating the mitotic cell cycle, chromosome condensation, G2 DNA-damage checkpoint, and the cellular response to DNA damage (Fig. 5A ).
Among the 205 downregulated genes, 36 are known regulators of the cell cycle. Real-time RT-PCR analysis confirmed that expression of 18 genes important in cell-cycle regulation was significantly decreased in the heart of SMA mice from P2 to P6 (Fig. 5B) . Interestingly, expression of six mitotic genesBirc5, Aurkb, Cdca8, Incenp, Cenpa, and Ndc80-whose protein products act as key regulators of mitosis via formation of the chromosomal passenger complex (CPC), were markedly decreased already on P2 ( Fig. 5C-F) . In particular, expression of Birc5, which encodes a protein called Survivin, was already decreased by $25% on P0 (Fig. 5C ). Western blot analysis showed corresponding changes at the protein level ( Fig. 5G-J) . Several splicing isoforms of Birc5 have been reported (30) ; however, we found that all isoforms were equally or similarly downregulated, indicating that no splicing changes are involved in the gene-expression alteration (Supplementary Material, Fig. S1 ). These data confirm that SMN deficiency impacts the cell cycle and mitosis in cardiomyocytes during postnatal development. þ cardiomyocytes (E) and percentage of Ki67 þ (C) or pH3 þ (F) cardiomyocytes per high-power field (HPF) was determined from three sections per heart, with three hearts per group (n ¼ 9). **P < 0.01, ***P < 0.001.
We also examined the expression of the tumor suppressor Trp53/p53, an SMN-interacting protein (31) , and its phosphorylation at Ser18, corresponding to Ser15 of human p53, which can induce both cell-cycle arrest and apoptosis; however, no expression or phosphorylation-level changes were detected ( Fig. 6A-D) . Interestingly, genes downstream of Trp53, including Cdkn1a/p21, Pmaip1/Noxa, Bbc3/Puma, Fas and Bax, were markedly up-regulated (Fig. 6A-G) . Upregulation of these apoptosis-related genes can explain why apoptosis is enhanced in the heart tissue of SMA mice. The late timing (P4) of the upregulation is also consistent with our observations above that decreased cell proliferation occurs prior to apoptosis (Figs 2-4) . On the other hand, expression of Bcl-2, a wellcharacterized member of the Bcl-2 family that negatively modulates apoptosis by several mechanisms, and of Cycs/Cyt c, a determining factor in mitochondrial-mediated apoptosis, were not increased (Fig. 6A) .
Previous studies have shown upregulation of Cdkn1a, Pmaip1, and Fas in the spinal cord of SMA mouse models, and upregulation of Bax in muscle samples from patients (32) (33) (34) (35) (36) (37) . Taken together, these data suggest that cell death pathways are more or less activated in multiple tissues. Upregulation of Cdkn1a, a major effector of p53's activities in cell-cycle arrest and apoptosis, has been recently postulated as a critical factor in SMA pathology (33, 37) . However, its upregulation in the heart initiates at a rather late time point (P4), suggesting an indirect role at least in the cardiac pathology of SMA mice.
Overexpression of Survivin in SMN-depleted cardiomyocytes
Survivin plays a key role in heart development (38, 39) . To test whether the downregulation of Birc5 indeed affects the cardiac Heterozygous littermates (Het) were used as controls (n ¼ 3). Cells were stained with propidium iodide. (E-H) Histograms of cell-cycle data from (A-D). *P < 0.05 **P < 0.01. development of SMA mice through cell-cycle arrest, we overexpressed Survivin in SMN-depleted mouse cardiomyocytes. Primary cardiomyocytes were isolated from P2 neonatal Smn þ/À heterozygous mice that theoretically express half the amount of SMN as do wild-type mice, and SMN was further depleted by 51% and 72% with two independent siRNAs, respectively ( Fig. 7A and B) . SMN knockdown induced similar gene expression alterations as observed in the heart of SMA mice (Supplementary Material, Fig. S2 ), including robust downregulation of Survivin, by 49% and 59% for siRNA-1 and siRNA-2, respectively. We selected siRNA-2 for further flow-cytometry analysis. Depletion of SMN induced cell-cycle arrest, with about 70% cells accumulating in G0/G1 phases after 48 h, a 10% increase in comparison to the control siRNA ( Fig. 7E-H) . A Survivin cDNA-expressing plasmid, pCGT7-Survivin (0.6 lg), was then transfected into the SMN-depleted cells, which led to approximately a three-fold increase of the total Survivin levels ( Fig. 7C and  D) . Interestingly, after Survivin overexpression, cell-cycle progression was mostly restored, as seen by the proportions of cells in the G0/G1, S and G2/M phases of the cell cycle ( Fig. 7G and H) . These data indicate that Survivin is a critical regulator of cell division, particularly of cardiomyocytes, consistent with previous studies (38, 40) .
Rescue of severe SMA mouse heart pathology with ASO10-29
We next asked if rescue of SMN levels in SMA mice is sufficient to recover expression of Survivin and rescue the heart defects.
To this end, we used a MOE-modified antisense oligonucleotide, ASO10-29, that efficiently rescues SMA mouse models when delivered systemically (41) . After two subcutaneous injections of ASO10-29 at 90 mg/kg between P0 and P1, the exon 7 inclusion percentage of the SMN2 transgene in the heart, analysed on P6, increased $3 fold, from 12 to 35% (Fig. 8A-C) . Western blot analysis showed $2-fold changes at the protein level (Fig. 8B-D) . Treated SMA mice still expressed much less full-length SMN protein than heterozygous mice, reflecting the incomplete inclusion of SMN2 exon 7 in cardiac tissues. After ASO10-29 treatment, both heart weight and its ratio to body weight significantly increased on P6, suggesting that ASO treatment partially rescued heart pathology ( Fig. 8E and F) , consistent with effects previously published with another SMN2 spliceswitching ASO (27) . In addition, expression of deregulated genes associated with cell-cycle arrest and apoptosis, including Birc5, Mki67, Aurkb, Cdkn1a, and Pmaip1 was fully or partially restored (Fig. 8G) . These data indicate that early treatment with ASO10-29 can rescue both abnormal gene expression and postnatal development of the heart.
Discussion
Autonomic imbalance has been considered as the primary cause of cardiac defects observed in severe SMA patients and mouse models. However, whether low levels of SMN may affect cardiomyocytes in a cell-autonomous manner has not previously been addressed. In this study, using tissue staining, we revealed a decrease in cardiomyocyte proliferation and an increase in apoptosis during early postnatal development of the heart in the severe Taiwan mouse model, reflecting their small body size, low heart weight and decreased cell numbers. An undersized heart was previously observed in the SMND7 model (19) (20) (21) , though the ratio of heart weight to body weight was not significantly changed, which could be attributable to that model being slightly less severe (10 days vs 15 days lifespan). Furthermore, using immunofluorescence and flow cytometry, we demonstrated that impaired cardiomyocyte proliferation was caused by both alteration in cell cycle profiles and interestingly an increase in apoptosis; this was further confirmed by transcriptomic analysis using oligonucleotide microarrays. Our data represent the first report of cell-cycle arrest present in any tissues in the context of SMA, consistent with three earlier transcriptomic studies that reveal sets of genes associated with cell-cycle signaling and apoptosis signaling deregulated in the spinal cord and/or liver in the SMND7 model, severe Taiwan model, or a severe adult SMA phenocopy model generated by an inhibitory ASO that induces SMN2 exon 7 skipping (33, 42, 43) . Defective cell proliferation and apoptosis have been reported in cultured SMN-depleted cells (44, 45) . In mouse models, reduced cell number and/or decreased proliferation in the hippocampus, retinal and optical nerve, resulting in impaired neurogenesis have been observed (46, 47) . Fayzullina and Martin first examined tissue cell death events in muscle and spinal cord tissue using multiple methods, including the TUNEL assay, and found that both skeletal muscles and the spinal cord of the severe Taiwan model undergo increased apoptosis, albeit with different times of onset in the two tissues (48) . Taken together, these data suggest that alterations in cell cycle and apoptosis may be a global phenomenon present in a broad set of tissues in SMA mice. Of note, alteration in cell cycle profiles occurred at an early time point (P2) and two days before apoptosis was first detectable, suggesting that cell-cycle arrest is the initial defect and therefore may have the primary role in causing cardiac defects during postnatal development. Widespread defects in gene expression including pre-mRNA splicing have been observed in SMA mouse models from a number of studies using microarrays or RNA-Seq (32,33,36,42,43,49-52). However, the key genes act downstream of SMN in affected tissues such as the spinal cord and heart remain elusive. Here, we identified Birc5 (Survivin) as a key gene in SMA cardiac pathogenesis. Our finding is not surprising considering the established roles of Survivin in regulating cell-cycle progression and organogenesis. As the smallest member of the inhibitor-of-apoptosis family, Survivin has a key role in mitotic cell division. It represents a central node in multiple networks in cell-division including forming the chromosomal passenger complex (CPC) with the products of five other regulatory genes (Aurkb, Cdca8, Incenp, Cenpa, and Ndc80) (53-55). The CPC regulates chromosomal and cytoskeletal events to warrant proper completion of mitosis and avoid unequal segregation of chromosomal material into daughter cells. Due to its essential role in cell-cycle regulation, Survivin is critical during organ development, as well as in regeneration, and its ablation leads to abnormal cell division (including abnormal oriented cell division that affects morphogenesis) in various organs, such as kidney, heart, brain, gut, and liver (38, (56) (57) (58) (59) . Most importantly, Survivin determines the total cardiomyocyte number and ploidy, and is indispensable for postnatal cardiac development (38) . The prominent features of lack of Survivin are cell-number reduction, enlarged and abnormallyshaped nuclei, and polyploidization (60). We did not observe obvious polyploid myocytes in our study, which may reflect incomplete Survivin downregulation in the SMA mice as opposed to the complete knockout of Survivin in the studies reporting polyploid myocytes (38) . However, the decrease in Survivin expression observed in SMA mice may be sufficient to result in alteration in cell proliferation.
The importance of Survivin in cardiac pathogenesis of SMA mice is strongly supported by our in vitro study using primary cardiomyocytes obtained from P2 heterozygous neonates. Further depletion of SMN with specific siRNAs recapitulated gene expression alteration including a decrease in expression of Survivin, and caused cell-cycle arrest, indicating that Survivin is downstream of SMN, and that the cardiac defects are caused by a tissue-autonomous mechanism. Overexpression of Survivin alone could markedly restore cell-cycle progression indicating a critical role of Survivin deficiency in the cell arrest of SMA cardiomyocytes. It also suggests that dysregulation of other genes could be tolerated to a certain extent provided that the expression of Survivin is restored. Therefore, we conclude that Survivin is one of the major factors in causing cardiac failure in SMA. In agreement with this notion, we observed that treatment with a therapeutic ASO not only ameliorates the heart conditions of SMA mice, but also restores expression of Birc5.
Survivin has also been implicated in apoptosis. However, its role and mechanisms in inhibiting this pathway remain controversial (40, 61) . Loss of Survivin in several tissues, such as the brain, gut, and kidney, induces apoptosis (56) (57) (58) , whereas in other tissues, such as the liver, it does not affect apoptosis (59) , suggesting that its anti-apoptotic role is tissue-dependent. Levkau et al. reported that apoptosis was unaffected in Survivindeficient mouse cardiomyocytes (38) . However, a more recent study by Lee et al. showed that overexpression of Survivin reduced apoptosis and caspase activity in a rat model of cardiomyopathy, and improved heart function (62). It is likely that Survivin provides a heightened cell-survival threshold in the heart, as previously suggested (40) . In this case, the increased apoptosis in the heart of SMA mice could be caused by both down-regulation of Birc5/Survivin and upregulation of proapoptotic genes, including Pmaip1, Bbc3, and Cdkn1a.
Cardiac fibrosis is a consequence of excessive deposition of extracellular matrix in the cardiac muscle; it causes tissue stiffness and cardiac arrhythmias, due to electrophysiological disturbances, and predisposes patients with heart failure to sudden cardiac death (63, 64) . Shababi et al. reported that SMND7 mice have interstitial fibrosis in the heart, which initially develops on P2 and intensifies on P5 and P9 (21) . High levels of fibrosis were correlated with cardiac defects, such as a slower heart rate, suggesting that cardiac fibrosis is an important contributing factor in cardiac pathology of SMA mice. Shababi et al.
further found high levels of reactive oxygen species present in the neonatal heart tissue, and thus proposed that oxidative stress, a known pro-fibrotic factor, is the underlying mechanism of cardiac fibrosis (21). Though we did not examine cardiac fibrosis and oxidative stress in the Taiwan model, we expect that lack of SMN likewise induces cardiac fibrosis given the level of pathology observed on H&E stains. Interestingly, however, Levkau et al. reported that cardiac-specific depletion of Survivin alone drastically increases interstitial fibrosis in the mouse heart (38) . Moreover, Lee et al. reported that overexpression of Survivin in a rat model with doxorubicin-induced cardiomyopathy strongly reduces interstitial fibrosis in the left ventricle (62) . These data suggest that Survivin is a key regulator of cardiac fibrosis. Considering our finding that Survivin expression was downregulated on P0, we propose that both Survivin dysregulation and oxidative stress contribute to the interstitial fibrosis in the heart of SMA mice.
In the Levkau et al. study, cardiac-specific depletion of Survivin in mice had no effect on the heart weight, and median survival was 28 weeks (38) . The much milder phenotype of these mice in comparison to the Taiwan model suggests that the cardiac dysfunction in the latter model involves additional factors, such as other dysregulated signaling pathways in the heart, and/or negative cues released from other affected tissues.
Recently, Jangi et al. observed a marked increase in intronretention events in SMN-depleted cells, which they proposed to lead to DNA damage through aberrant R-loop formation and subsequent activation of p53 signaling (37) . These observations provide a potential mechanistic explanation for our findings, as p53 suppresses expression of Survivin, while promoting expression of p21, Noxa, and Puma (65) (66) (67) (68) . However, we did not detect increases in total p53 or phopho-p53 (Ser18) levels. One reason could be the presence of an undetected or unknown modification of p53 that activates p53 signaling. Alternatively, the cardiac defects could involve a p53-independent pathway, considering that several genes regulate transcription of Survivin and of the pro-apoptotic genes whose expression is altered in SMA mice. Nonetheless, based on the gene expression analysis in cultured cardiomyocytes depleted of SMN by siRNA treatment, we can rule out cell-non-autonomous mechanisms causing dysregulation of most of the cell-cycle-and apoptosisrelated genes, including robust downregulation of Birc5 in the mouse model. Further work to determine the signaling pathway that links SMN to Survivin will shed light on how limiting SMN affects heart development, and enable the design of appropriate medical interventions.
Materials and Methods

Animals
All mice were handled in accordance with the guidelines and protocols approved by the Care and Use of Animals Committee of Soochow University (China) and Cold Spring Harbor Laboratory's Institutional Animal Care and Use Committee (USA). All experiments except for the microarray analysis were performed with female mice to avoid confounding effects caused by gender differences. The severe Taiwan SMA mouse model (Smn
) in FVB background was generated by crosses as described (27) . For tissue sample collection, mice were sacrificed by CO 2 asphyxiation; tissues were immediately rinsed with saline, weighed, and snap-frozen in liquid nitrogen for storage at À80 C.
Histology
Dissected mouse hearts were fixed in 4% (v/v) formaldehyde at 4 C overnight, washed in phosphate buffered saline (PBS) and embedded in paraffin blocks. Five-mm-thick paraffin sections were cut for either hematoxylin and eosin (H&E) or immunofluorescence staining. For immunofluorescence, following antigen retrieval with 10 mM sodium citrate buffer (pH 6.0) in boiling water for 15 min, paraffin sections were permeabilized with 0.3% (v/v) Triton-X100 for 10 min and then blocked with 10% (v/v) goat serum for 30 min. Primary antibodies including polyclonal anti-Ki67 (Bioss) and polyclonal anti-phosphohistone H3 (Ser10) (Cell Signaling Technology) were incubated overnight at 4 C. Sections were subsequently washed with PBS and incubated with the corresponding anti-rabbit secondary antibodies conjugated to Alexa Fluor 488 (Lianke). Nuclei were counter-stained with DAPI (Invitrogen). For TUNEL staining to detect apoptotic nuclei, paraffin sections were processed using the In Situ Cell Death Detection Kit (TMR Red, Roche Applied Sciences), according to the manufacturer's instructions (48) .
Transmission electron microscope imaging
Hearts collected immediately after euthanasia were fixed in 2.5% (v/v) glutaraldehyde for a minimum of 24 h and post-fixed in 2% (m/v) osmium tetroxide in 0.1 M cacodylate buffer. Tissues were rapidly dehydrated in increasing concentrations of ethanol (30-100%), infiltrated with 100% acetone and embedded in low-viscosity polymerized epoxy resin. Sections were stained on grids with 1% uranyl acetate and lead citrate. Electron micrographs were taken with HT7700 transmission electron microscope (Hitachi).
Flow cytometry
Neonatal mouse cardiomyocytes were dissociated with 0.25% trypsin-EDTA and collagenase and spun down (200 g for 10 min) to obtain a cell pellet. The cell pellet was resuspended in cold PBS to obtain a single-cell suspension. Cells were fixed in icecold 70% ethanol at 4 C overnight and spun down (200 g for 10 min). The cell pellet was then resuspended in propidium iodide staining solution (5 ng/ll propidium iodide in PBS with RNase A) and incubated at 37 C for 30 min, followed by immediate flow-cytometry analysis on a Beckman Coulter FC500. The distribution of cells in different cell-cycle phases was assessed by Flowjo software.
Quantitative and radioactive RT-PCR
Trizol (Invitrogen) was used to extract total RNA from mouse heart tissues after pulverizing them in liquid N 2 with mortar and pestle. One microgram of total RNA was reversetranscribed with ImProm-II Reverse Transcriptase (Vazyme). Quantitative real-time RT-PCR was performed with an Applied Biosystems StepOnePlus instrument and an Express One-Step SuperScript Kit, according to the manufacturer's instructions. Primer pairs for all genes are listed in Supplementary Material, Table S2 . For radioactive RT-PCR, the human-specific primer pair E4-33to55-F and E8-15to36-R was used for amplifying human SMN2 transcripts in RNA samples from mouse tissues, as previously described (69); all PCR products were labeled with a-32 P-dCTP and analysed by 6% native PAGE, followed by phosphorimage analysis. The extent of exon 7 inclusion was calculated as described (70) , and the signal intensity of each cDNA band was normalized according to its G þ C content.
Western blotting
Twenty milligrams of mouse heart was pulverized in liquid N 2 and homogenized in 0. Cell culture, transfection and siRNA knockdown
Primary cardiomyocytes were isolated from minced heart tissues from P2 neonatal heterozygous mice by enzymatic digestion using trypsin, collagenase Type II and DNase I (Sigma), according to the manufacturer's recommended protocol. Isolated cardiomyocytes were further treated with 5-Bromo-2-deoxyUridine (BrdU) (Sigma) for 48 h to prevent proliferation of non-cardiomyocyte cells. Cells were cultured in DMEM/M199 (4:1) supplemented with 10% fetal bovine serum and penicillin/ streptomycin (100 units/ml) (Gibco) (71) . The siRNAs to knock down mouse Smn were siRNA-1 (sense: 5'-CAGUUUCAAUGGUC AUAAATT-3') and siRNA-2 (sense: 5'-GAGGCAAUUACCAGUUU CATT-3') with a scramble siRNA control (sense: 5'-UUCUCCG AACGUGUCACGUTT -3'). Cells were seeded in 6-well plates at 70% confluency, 1 Â 10 5 per well, and 50 nM of each siRNA was transfected into cells in each well, using Lipofectamine LTX (Invitrogen). Six hours post-transfection, cells were added with cardiomyocyte medium and further incubated for 24 h before harvesting. For the Survivin overexpression study, 0.6 lg of the expression plasmid pCGT7-Survivin was transfected into cardiomyocytes in each well of 6-well plates with Lipofectamine LTX, and cells were incubated for 48 h before harvesting for flow-cytometry analysis.
Microarray
Oligonucleotide microarray analysis on RNA samples extracted from the hearts of SMA mice (Smn ) as controls was performed using the Illumina MouseWG-6 v2.0 Expression BeadChip and GenomeStudio software. Statistically significant gene-expression changes were determined for each sample as the log 2 (SMA/control) ratio. Genes that showed a log 2 ratio higher than 3 were selected.
Antisense oligonucleotide treatment
MOE-modified ASO10-29 (5 0 -ATTCACTTTCATAATGCTGG-3 0 ) with phosphorothioate backbone and all 5-methylcytosines (27, 41) . ASO10-29 in saline was injected subcutaneously at 90 mg/kg twice between P0 and P1. Tissue samples were collected on P6.
Statistical analysis
Differences between sets of data were analysed by two-tailed Student's t test using SPSS16.0 statistical software (IBM); a value of P < 0.05 was considered statistically significant. In all of the figures, data are expressed as mean 6 SEM.
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